We have purified a major outer membrane protein from Aeromonas salmonicida. This 42-kilodalton protein shared several physical characteristics with enterobacterial porins in that it was noncovalently associated with the peptidoglycan, it was released from the peptidoglycan in the presence of 0.1 M NaCl and sodium dodecyl sulfate, and its mobility on sodium dodecyl sulfate-polyacrylamide gels was dependent on the solubilization temperature before electrophoresis. When added to the aqueous solution bathing a planar bilayer membrane it caused the conductance of the membrane to increase by several orders of magnitude. At lower protein concentrations, single channels with an average conductance of 1.6 nS in 1 M KCI were incorporated into the membrane in a stepwise fashion. Evidence that the protein formed a large, relatively nonselective, water-filled channel was obtained by performing single-channel experiments at different NaCl concentrations and in a variety of different salts. Current through the channel was a linear function of the applied voltage, and no evidence of voltage gating was observed. In addition, we obtained evidence for a 43-kilodalton channel-forming protein in the outer membrane of A. hydrophila with a similar single-channel conductance as the 42-kilodalton protein in 1 M NaCl.
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The outer cell envelope of gram-negative bacteria contains three layers, an inner membrane, a peptidoglycan layer, and an outer membrane (20) . The outer membrane has been shown to be a barrier for the penetration of a wide variety of compounds (18) while at the same time permitting the size-dependent passage of small molecules (8, 16) . This molecular-sieving action of the outer membrane is accomplished by certain proteins with monomer molecular weights in the range of 33,000 to 45,000 which are present in high copy numbers in the outer membrane (2, 8) .
These proteins, termed porins (20) , have been found in several different species of bacteria (8, 20) and appear to form water-filled channels which facilitate the passage of hydrophilic substrates (2, 20) . To date, only a limited number of bacteria have been characterized with respect to their porin composition (2, 20) .
Within the family Enterobacteriaceae the porins that have been examined share the following characteristics: noncovalent association with the peptidoglycan that is maintained in the presence of sodium dodecyl sulfate (SDS); a reten- tion of their native oligomeric (trimer) form in the presence of SDS (12, 20) ; and release from the peptidoglycan by solutions of high ionic strength-containing SDS. Using as methods either leakage of defined sugars from reconstituted vesicles (16), vesicle swelling assays (H. Nikaido, Methods Enzymol., in press), or planar lipid bilayers (2), the channel diameter for this type of porin has been esti'mated to be between 1.2 and 1.6 nm. Porins from non-enterobacterial species usually do not display the same type of peptidoglycan association as enteric organisms as defined methodologictlly, although they are clearly peptidoglycan associated (9) as judged by other methods. Furthermore, they often do not form SDS-resistant oligomers (7, 8) . In addition, the channels formed from these proteins are often significantly larger (2, 7, 19 ; R. E. W. Hancock, L. S. Zalman, and H. Nikaido, unpub- lished data cited in reference 11). For protein F ofPseudomonas aeruginosa, the channel diameter has been estimated at 2.2 nm (1), whereas Neisseria gonorrhoeae porin has a similar large diameter (9) .
As part of our studies on the fish pathogens Aeromonas salmonicida and Aeromonas hydrophila (11, 13), we isolated and characterized the 2 3 FIG. 1. Purified 42K protein of A. salmonicida. The 42K protein was purified as described in the text and subjected to SDS-polyacrylamide gel electrophoresis. The gel system contained 7.5% acrylamide. The protein preparation (15 ,ug) outer membranes (13, 17) . Major proteins, with apparent molecular weights ranging between 35,000 and 45,000, were found in the outer membranes of both of these organisms (13, 17) . In this report we show that these two Aeromonas species contain peptidoglycan-associated proteins with characteristics similar to those found within the family Enterobacteriaceae. One of these, a protein with an apparent molecular weight of 42,000 in the outer membrane of A. salmonicida, was purified and shown to form water-filled channels in planar bilayer membranes with characteristics similar to those previously described for several enterobacterial porins (2; H. Nikaido, in press).
MATERIALS AND METHODS
Bacterial strains and culture conditions. A. salmonicida Ah440 was described previously (13) . A. hydrophila Ah65 was isolated from rainbow trout (Salmo gairdneri) at the University of Victoria. Culture conditions were the same as those used in a previous study (13) .
Purification of outer membranes and peptidoglycanassociated proteins. Outer membranes were obtained and analyzed by SDS-polyacrylamide gel electrophoresis as described previously (13). Peptidoglycan-associated proteins were obtained by solubilizing cell envelopes in buffer containing 2% (wt/vol) SDS, 10% (wt/ vol) glycerol, and 10 mM Tris-hydrochloride (pH 7.4) at 30 or 37°C for 30 min. The pellet obtained after centrifugation at 100,000 x g for 45 min was resuspended in the same buffer containing 0.1 M NaCl. The supernatant obtained after centrifugation as described above was used in the bilayer reconstitution studies.
Black lipid bilayer experiments. The methods used for black lipid bilayer experiments have been described previously in detail (3, 4 with buffer containing SDS. For A. salmonicida, resuspension of the insoluble peptidoglycan pellet in buffer containing 0.1 M NaCl and 2% SDS followed by centrifugation to pellet the peptidoglycan resulted in release of a single major protein with an apparent molecular weight of 42,000 (42K protein) into the supernatant (Fig.  1) . Although there may be several minor protein contaminants, if a single contaminant was present at a level of 10% or greater it would have been easily visualized. The apparent molecular weight of the 42K protein was related to the temperature of solubilization before polyacrylamide gel electrophoresis (Fig. 1) in a manner similar to that demonstrated previously for other porins (18) .
Macroscopic conductance experiments. To determine whether the 42K protein was capable of increasing the membrane conductance in a manner similar to that observed for other porins, we performed macroscopic conductance expenments. In control experiments, when membranes were formed and no protein was added to the salt solutions bathing the membrane (the aqueous phase), the membrane conductance did not increase significantly over a period of 30 min. In addition, after heating the 42K protein at 100°C for 5 min in the presence of SDS to denature it to its monomer form (Fig. 1, lane 1) before addition of the protein to the aqueous phase, no major change in membrane conductance over time resulted. However, when the undenatured (Fig. 1, lane 3) 42K protein was added to the aqueous phase, the conductance of the lipid bilayer membrane increased by many orders of magnitude. A typical experiment is shown in Fig. 2 . Membrane conductance increased rapidly during the first 20 min and then more gradually until membrane breakage oc- curred. The conductance recorded 20 min after the addition of the 42K protein to the aqueous phase increased when increasing amounts of the 42K protein were added. The addition to the chamber of SDS alone at 100-fold-higher concentrations caused no increase in conductance, indicating that the SDS in the protein solution (0.04%) did not account for the conductance changes.
Single-channel experiments. When a low amount (0.1 ng) of the 42K protein was added to the aqueous phase bathing the membrane bilayer, the membrane conductance increased in a stepwise fashion (Fig. 3) . These discrete conductance increments did not occur when SDS was added to the chamber in the absence of the 42K protein or if heat-inactivated 42K protein was used. In the latter case however, there was an increase in the noise level of the background conductance, possibly due to denatured protein associating with the lipid bilayer. Most of the single steps observed in experiments with the native 42K protein occurred in an upward direction, indicating the incorporation of a channel into the bilayer. Downward-directed steps corresponding to a decrease in the membrane conductance (possibly due to inactivation or loss from the membrane of a pore) were uncommon, but when observed appeared to be of the same magnitude as the upward steps. The rise time of (3, 4) , the single-channel conductance steps were not uniform in size, but distributed over a certain range. A histogram of the conductance steps observed for the 42K protein in the presence of 0.5 M NaCl is presented in Fig. 4 . The average conductance increment (A) was determined for five different NaCI concentrations between 0.1 and 1.5 M. It was found to be a linear function of the concentration of NaCl in the aqueous phase (data not shown), a result expected for a large water-filled pore. Further evidence that the conductance pathway was an aqueous channel was obtained by determining the average conductance increment of the 42K protein in the presence of anions and cations of different size and charge. The data listed in Table 1 show that although the bulk conductance of the salts (a) in the absence of a membrane varied by a factor of about 8, the A/a ratio varied by less than 2. These data would indicate that the single-channel conductance of the 42K protein followed reasonably well the conductivity of the salt solutions bathing the membrane, suggesting that these solutions are also filling the pore.
Further evidence that the 42K protein was able to form large aqueous channels was obtained from current-voltage experiments. The current-voltage characteristics of an large waterfilled hole should be ohmic, i.e., the increase in current should be directly proportional to the applied voltage. This behavior was observed for the 42K protein for applied voltages up to 120 mV (Fig. 5) .
In addition to the above studies with the isolated 42K protein from A. salmonicida, we examined a similar SDS-NaCI extract of peptidoglycan-associated proteins obtained from A. hydrophila. A major protein in this extract (molecular weight, 43,000) displayed physical properties similar to those of the 42K protein; i.e., apparent peptidoglycan association, release from the peptidoglycan by high salt and SDS concentrations, and lower mobility on SDSpolyacrylamide gel electrophoresis after solubilization at low temperatures. A histogram of single-channel conductance increases observed after the addition of this extract to the 1 M NaCl solution bathing a lipid bilayer membrane is shown in Fig. 6 . The results revealed that a pore with an average conductance of 1.33 nS was present. It seemed likely that the major protein with an apparent molecular weight of 43,000 was the porin; however, since this preparation contained other minor protein contaminants, we did not perform extensive characterizations.
DISCUSSION
Since the early work of Nakae (15) and Nikaido (20) , it has become evident that the outer membrane of gram-negative bacteria contains proteins which facilitate the passage of small hydrophilic substrates. These proteins, appropriately termed porins, have been found in several different species of bacteria (2; H. Nikaido, in press) and all appear to be aqueous channels (1, 2) . Within the family Enterobacteriaceae, the porin proteins that have been studied share several distinctive characteristics (1, 7, 20) . For example, the channels of enterobacterial porins appear to be narrower than the porin channels of other bacteria (1, 19) (with one exception, the 0.6-nm protein P channel of P. aeruginosa [9] ). This has led to the proposal that these narrow channels may be located exclusively within the family Enterobacteriaceae (19 The studies presented in this paper provide evidence that the 42K protein from A. salmonicida is a porin which forms aqueous channels in lipid bilayers with an average conductance of 1.6 nS in 1 M KCl. If it is assumed that the pore is a cylinder with spherical cross sections and is filled with an aqueous solution of the same conductance as the external bulk phase, according to the formula A = a ir r211 the average effective pore diameter d (=2r) may be estimated for a pore length I (which can be assumed to be functionally equal to the width of the membrane or ca. 7.5 nm [6] ). From the data in Table  1 , the average effective channel diameter for the 42K protein would be around 1.2 nm. This is in close agreement with channel diameters that have been calculated for the porins of E. coli from studies by using either the vesicle swelling assay (19; H. Nikaido, in press) or black lipid bilayers (2, 3) .
It appears, therefore, that porins like those of the Enterobacteriaceae can exist outside of this family. The occurrence of this type of pore in Aeromonas spp. may be a further indicator of their close relationship to members the family Enterobacteriaceae (5).
